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ABSTRACT OF THESIS 
 
 
 
A COMPARATIVE STUDY OF AESTHETIC AND PERFORMANCE PROPERTIES 
OF WOMENS T-SHIRTS MADE OF LYOCELL, ORGANIC COTTON, AND 
VISCOSE FROM BAMBOO 
 
 
The purpose of this research was to evaluate and compare the performance, 
aesthetic and material properties of women’s t-shirts composed of three different 
sustainable fibers (lyocell, organic cotton, and viscose from bamboo) before and after 
repeated home laundering.  A convenience sample was comprised of thirty-nine t-
shirts. Thirteen black t-shirts from each fiber content were used for testing according 
to ASTM and AATCC standards. The evaluations and measurements were performed 
initially and after wash intervals one, five, ten, and twenty. The t-shirts were tested for 
fabric weight, fabric count, color fastness, smoothness appearance, pilling, 
dimensional stability and skewness.   
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Chapter One  
Several studies indicate that the apparel industry has become the second most 
polluted industry in the world after oil (Bedat, 2016; Morgan, 2015). Today’s most 
monumental problems surface from the textile and garment industry due to 
manufacturing, production and consumption. The life cycle of a garment takes upon 
many negative connotations regarding the environmental and social impacts it inflicts. As 
a result, accountability between corporate and consumer responsibilities is reviewed. 
Natural recourses, both renewable and nonrenewable, are depleting at an astonishing rate 
confirming the obligation for a transformation in the way society produces and consumes 
textiles. Furthermore, emphasis on reducing harmful substances within the fashion 
industry is intuitive for any change to transpire (Fletcher, 2008).  
Khan and Islam (2015), explain that eco-friendly materials have become the most 
concentrated source of environmental responsibility amongst the apparel industry. The 
material choice not only influences the environmental impacts of production, but also the 
product’s life cycle such as the garment’s care and finally disposal (Khan & Islam, 2015).  
Problem 
 Cotton and polyester, two of the most commonly used textile fibers, unfortunately 
inflict serious environmental repercussions throughout all stages of the products’ life 
cycle (Coster, 2007). As consumption levels increase due to the high demand within the 
apparel industry, the implementation of sustainability initiatives is unavoidable (Allwood, 
Laursen, Malvido de Rodriguez, and Bocken, 2006). Until recently, increasing awareness 
of the environmental and social issues pertaining to the fashion industry has pressured 
companies’ role in the sustainability movement. Considering product sustainability is the 
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easiest aspect for apparel brands to modify in order to appease the eco-friendly trend, 
fiber/textile selection is often the first step (Khan & Islam, 2015).  Lyocell, organic 
cotton and viscose from bamboo are some examples of alternative fibers that have gained 
attention among consumers, satisfying the desire for both comfort and eco-friendly 
initiatives.  
Due to the growth in the market demand for “green” apparel, the amount of 
standards and regulations pertaining to eco-labeling has increased (EPA, 2018). Thus, 
companies must make careful considerations when applying sustainability concepts to 
their brand in order to peruse an appropriate balance between quality, time and costs. 
Furthermore, these considerations must occur at each stage of the products life cycle to 
achieve consumer satisfaction (Waite, 2009).  
Ecotextile (2011), demonstrates the focus on sustainable materials at Yarn Expo 
2011, an exhibition in Beijing in which reported a high demand for sustainable organic 
fibers such as cotton, bamboo, flax, and ramie. However, garments composed of these 
new organic blends have yet to be documented regarding the performance properties 
(Prendergast & Venkatraman, 2012). According to Mintel (2011), there is evidence to 
suggest that there is an increase in female consumers purchasing better quality clothing, 
due to durability factors.  
Purpose Statement 
 The purpose of this research was to evaluate and compare the aesthetic and 
performance properties of womens t-shirts composed of three different sustainable fibers 
(lyocell, organic cotton, and viscose from bamboo) before and after repeated home 
laundering.   
  
  3  
 
Research Objectives 
 The research objectives for this study are as follows: 
1. Evaluate the material properties (fiber count and fabric weight) of t-shirts 
composed of three different sustainable fibers (lyocell, organic cotton, and 
viscose from bamboo) before and after repeated home laundering.  
2. Measure the aesthetic properties (colorfastness, smoothness, and pilling) of t-
shirts composed of three different sustainable fibers (lyocell, organic cotton, 
and viscose from bamboo) before and after repeated home laundering. 
3. Measure the performance properties (dimensional stability, and garment 
twist/skew) of t-shirts composed of three different sustainable fibers (lyocell, 
organic cotton, and viscose from bamboo) before and after repeated home 
laundering. 
Research Questions 
  In order to meet the research objectives, the following research questions were 
addressed: 
1. Do the material properties (fabric count and fabric weight) of the t-shirts 
composed of three different sustainable fibers (lyocell, organic cotton, and 
viscose from bamboo) change after repeated home laundering? 
2. Do the aesthetic properties (colorfastness, smoothness, and pilling) of the t-
shirts comprised of three different sustainable fibers (lyocell, organic cotton, 
and viscose from bamboo) change after repeated home laundering?  
3. Do the performance properties (dimensional stability, and garment 
twist/skew) of the t-shirts comprised of three different sustainable fibers 
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(lyocell, organic cotton, and viscose from bamboo) change after repeated 
home laundering? 
Justification  
Over the past 30 years, textile fiber production has almost tripled with projections 
to rise (Shahid & Mohammad, 2014). This high rate of consumption has promoted a 
competitive market enabling mass production and fast supply chains. Companies are 
speeding up the traditional four fashion seasons per year to fifty-two ‘micro-seasons,’ 
influencing consumers to update their wardrobe on a weekly basis in order to stay in 
trend while simultaneously forcing the price and quality of the final product to 
dramatically reduce (Dissanayake & Perera, 2016). From production to disposal this 
rapid turnover of textiles has led to devastation for the entire eco-system.   
Furthermore, the production of textiles is considered one of the most complex 
supply chains in the manufacturing sector, inflicting massive damage on the environment 
throughout all stages. Impacts ascending from the considerable use of energy, water, 
toxic chemicals and depletion of natural resources has implicated an unavoidable topic of 
concern (Fletcher, 2008). Due to the issues transpiring from textile production, emphasis 
regarding sustainable strategies have gained awareness at both the consumer and 
manufacturer level (Tokatli, Wrigley, and Kizilgun, 2008). Until recently, consumers 
were placing higher value on where their clothing comes from and how it’s made. In 
order to meet the growing demand for eco-friendly apparel, clothing brands have begun 
to embrace transparency though initiatives such as altering materials and production 
methods (Williams, 2015).  
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Furthermore, there is a considerable amount of research pertaining to consumer 
perception on sustainable apparel, however, existing studies on the detailed comparisons 
of these emerging fibers and their performance qualities is lacking (Turley, Horne, 
Blackburn, Layborn, Copeland, and Harwood, 2009).  
Assumptions 
  The selection of the three fiber contents (lyocell, organic cotton, and viscose 
from bamboo) of womens t-shirts was considered representative of emerging sustainable 
fibers that an environmentally conscious consumer has access to purchase. The fast 
fashion trends have left consumers with low quality garments that have little value after 
only a handful of wears. In response, sustainable clothing has become a popular choice as 
consumers become more knowledgeable about their environmental impact as well as 
higher value perceptions (Prendergast & Venkatraman, 2012).  
 According to Mayhead (2018), natural fibers such as cotton and bamboo have 
made the largest appearance in environmentally conscious consumers closets. Organic 
cotton and bamboo are not only biodegradable but use less water in production as well as 
pesticide and herbicide free. Lyocell, another popular sustainable fiber, uses a closed loop 
production process in which recovers 99% of toxic waste. Like organic cotton and 
bamboo, lyocell is made from plant materials and is common in most conscious 
consumers’ wardrobe (Benton-Collins, 2018).  
Limitations 
 The sample included a selection of new unwashed t-shirts that were purchased 
online. Comparisons of the t-shirts based on the location manufactured and record of the 
full production process would provide a deeper understanding of the t-shirts lifecycle and 
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consider more control on random selection when making the final purchases. 
Furthermore, the evaluations are based solely on laboratory settings and may not 
accurately simulate the t-shirts performance in response to environmental stressors.  
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Chapter Two   
Literature Review 
According to Farag (2016), consumers are becoming more aware of the impact 
their clothing is having on the environment. Finding a balance between fashion 
enthusiasts and conscious consumption, companies are finding ways produce their 
products more sustainable starting with materials. Finding ways to produce materials 
without jeopardizing the resources to do so is the first step for an eco-friendlier 
environment. (Frang, 2016). Ciarallo (2018), suggests that due to the biodegradability 
factor of natural fibers, fabrics made of organic cotton, bamboo and rayon are more likely 
to be present in the conscious consumers closet.   
Textile and Apparel Industry 
“The textile industry is among the most essential consumer goods industry” (Cuc 
& Vidovic, 2011, p.2). The word textile has evolved over centuries, expanding its 
interpretation beyond fabrics produced from weaving yarn on a loom, to fabrics that are 
made from fibers, yarns and other various materials. While comprising both natural and 
synthetic materials, a textile can take form of several fabrics such as cotton, linen, wool, 
polyester, nylon, rayon and more (Vault, 2017). The transformation of raw materials into 
fabric traditionally involved only the process of fabricating and finishing a piece of cloth. 
Per modernization, the textile finishing process has taken on a more versatile approach in 
converting raw materials into consumer-ready products (Southerton, 2011).  
Natural fibers such as cotton, linen, wool, and silk can be dated back as early as 
4000 B.C. Findings of woven cloths from the Paleolithic Era have been discovered 
around the world unveiling a dramatic timeline of innovation. Until the 18th Century, the 
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process of creating a piece of cloth was grueling, involving countless hours of labor and 
precision (Vault, 2017).  
The ready-made clothing industry is, perhaps, the single most important industry 
in economic history of the western world (Godley, 1997). With the improvement of the 
steam engine in 1769, James Watt impacted not only the efficiency of factory production 
but also transportation and the entire economic infrastructure of nation states (Edwards, 
2007). The Industrial Revolution initiated economic growth globally as textile and 
clothing production transformed into both a capital-intensive and technology-intensive 
market. (Kunz, Karpova & Garner, 2016). 
By the beginning of the 20th century the industry began targeting newly developed 
countries due to low entry barriers and low-wage workforce. For many of these countries, 
textile and clothing production became the base for achieving industrial and economic 
well-being. As the country’s economy became stabilized the labor cost increased leading 
to a significant shift from producing to consuming. Additionally, many of the developed 
countries began expanding their capabilities regarding production, focusing on both the 
technological and creative components of the textile and clothing industry (Kunz et al., 
2016).  
 The 1950’s marks a decade of innovation and development of new materials, 
manufacturing, process technologies and new products on a global scale. The industry’s 
advancement of synthetic fibers for example, enabled high-performance fabrics to be 
applicable beyond the traditional means of clothing and household materials. Shortly 
after, the textile industry headways technological development in production of weaving, 
warp-knitting and nonwovens (Shishoo, 2012).  
  
  9  
 
The late 20th century consisted of rapid decline in industrialization per the western 
countries. As production continued to shift further east, particularly in China and India, 
productivity and efficiency regarding ‘resource use’ became priority and is extremely 
competitive. With approximately 50% of global shares in all divisions of production, 
China began to monopolize manufacturing from fiber to finished product by the early 
2000’s. Furthermore, the increasing demand for clothing and apparel has initiated 
corporation's movement towards vertical integration generating low quality products as 
well as negative social and environmental impacts (Scheffer, 2012). 
Life Cycle Assessment 
 The International Organization for Standardization (ISO) defines the Life Cycle 
Assessment (LCA) as “the compilation and evaluation of the inputs, outputs and potential 
environmental impacts of a product system throughout its life cycle.”  The U.S. 
Environmental Protection Agency (EPA) describes LCA by the composition of four 
interdepended factors: Goal and scope, life cycle inventory, life cycle impact analysis and 
interpretation.  (Karunamoorthy, Rana, Begam, Parveen, and Fangueiro, 2015). 
According to Connell (2015), goal and scope is expressed as the analysis of the overall 
environmental impact. Life cycle inventory (LCI) pertains to data collection, calculation 
and quantification as well as comparative analysis with Eco view.  The life cycle impact 
assessment (LCIA) considers impacts factors such as: human health, ecotoxicity, global 
warming, ozone depletion fossil depletion, water depletion and normalization. Lastly the 
interpretation of LCI and LCIA portrays an analysis with explanations, limitations and 
conclusions.  
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As illustrated in figure 2.1, the textile and apparel supply chain is extremely 
complex, involving multiple categories and subcategories where the ultimate goal is 
consumer ratification. “According to a report from the United Nation Environment 
Program and the European Commission, the textile and clothing industry is the world’s 
second biggest economic sector and it occupies 7% of the worlds exports” (UNEP,2003, 
p.1). 
,  
Figure 2.1 Li & Fung Supply Chain Model (Li & Fung, 2018, p.30)   
A T-shirt for example, impacts the environment at all phases of its’ life through 
“water and energy consumption, air and water pollution, pesticides, chemical dyes, 
detergents and waste” (UNEP,2003, p.2). The life-cycle of apparel isolates the major 
segments of the supply chain and exposes their environmental impact. A product’s life-
cycle begins with the transition from raw materials into either natural or man-made 
fibers. In addiction, the LCA model for textiles then divides textile materials that are used 
by consumers into four different stages: production and processing (end product), 
distribution (transportation) consumer (use phase) and disposal and reuse/recycle.  
In regards to natural fibers, this phase takes into account all agricultural activities 
involving, intense water and chemical use, violations in worker rights, health and safety 
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issues, and child labor (Kozlowski, Bardecki, & Searcy, 2012). For example, cotton crops 
are known to be the most water and pesticide intensive crop and is among the most 
popular fiber world wide. Synthetic fibers on the other hand, take their own toll on the 
environment pertaining to the oil and chemical usage. For instance, polyester production 
requires massive amounts of energy that may be generated from coal-based power plants 
or oil based energy systems systems emitting toxins such as fossil fuels (Karunamoorthy 
et al,. 2015).  
 The second phase pertains to processing and manufacturing including washing, 
pre-treatments, dyeing, spinning, application of finishes and weaving by hand or 
machinery.  This stage is considered extremely toxic and almost all textile products go 
through it in order to create colors, patterns and particular performance characteristics. 
Only after the fabric is ready, can the apparel assembling phase occur. The next phase 
pertains to distribution and retail, including transportation as well as all online and in-
store activities. Once the product is purchased, the consumer-use phase is initiated. This 
includes all use and maintenance activities impacted by the consumer. The final phase 
includes the disposal of the product and the implications in regards to environmental 
impact (Kozlowski, Bardecki, & Searcy, 2012).  
Consumption  
Joseph S. Davis an American economist, defined consumption patterns using four 
terms: consumption, living, level, and standard. He explained that “the level of 
consumption or living, is that actually experienced, enjoyed or suffered by the individual 
or group; the standard of consumption or living is the level that is urgently desired and 
strived for, special gratification attending substantial success and substantial failure 
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yielding bitter frustration” (J.S. Davis, 1945). When levels of consumption decreases, 
there is a declination in “the quantity or quality of goods and services consumed; in 
contrast, when the levels of consumption increase there is an increase in volume or 
improvement in its’ quality.” Likewise, the standard of living and demand within the 
clothing and textile industry is synonymous. (Kunz et al., 2016).  
Scheffer (2012) frameworks the transition between 1989-2008 as a period of 
‘extensive accumulation’. He defines accumulation as the growth in production and 
consumption and generation as the capital base in both plant, equipment and human 
capital; whereas extensive pertains to new recourses stimulating the global economy.  
In 2008 the world used 67 million tons of fiber (Scheffer, 2016) with America 
representing the largest footprint over any other country. The global fiber rate of 
consumption increased at a rate of 7-10% between 2002 and 2007 forecasting that by 
2020 the rate of global fiber consumption will reach 110 million tons. “Like eating sugar 
and fast food...its this consumption frenzy with defines our era” (Casely-Hayford, 2017).  
 Connell (2015) reveals that according to a 2011 Marketline report, the global 
apparel and textile market produced revenue a little over $3 trillion USD. Considering the 
United States being one of the largest apparel consumption markets in the world, it is no 
surprise that in 2015 apparel products accounted for 76.1 percent of total textile and 
apparel imports and valued at a record high $84,165 million in 2015. These imports 
ranged from approximately 150 countries with imports from China at (35.9 percent), 
Vietnam (12.4 percent), Bangladesh (6.3 percent), Indonesia (5.8 percent), India (4.3 
percent) and Mexico (4.2 percent). “U.S. textile and apparel imports are also becoming 
even cheaper. For example, U.S. apparel imports in 2015 on average was only 85.7 
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percent of the price in 1990 and the price of imported fabrics cut almost by half over the 
same period” (Lu, 2016).  
Impact of the industry on the environment  
The environmental impacts of apparel production, distribution and consumption is 
contributing to a massive global phenomenon that is endangering both society and the 
environment. Considering society doesn’t take immediate action in reversing materialism 
and mass consumption habits, the environment will undoubtedly face further permanent 
damage (Connell, 2015). Environmental impacts related to the life cycle of apparel 
include, “wastewater emissions, solid waste production and significant depletion of 
resources from consumption of water, minerals, fossil fuels and energy” (Allwood, 
Laursen, Malvido and Bocken, 2006).   
 A common misconception pertains to the association between natural fibers and 
environmental responsibility (Chen and Burns, 2006). Growing cotton utilizes large 
quantities of fertilizers and pesticides, initiating “reduced soil fertility; loss of 
biodiversity, water pollution; pesticide-related problems including resistance; and severe 
health problems relating to exposure to acutely toxic pesticides” (Fletcher, 2008). 
According to Birnbaum, (2008), 80% of America’s raw cotton is shipped overseas for 
processing and returned in the form of ready-made garment.  
In regards to synthetic fibers, polyester doesn’t require as much water 
consumption as cotton during production, however, it remains just as environmentally 
harmful if not worse in regards to toxic emissions including heavy metal cobalt; 
manganese salts; sodium bromide; antimony oxide (a known carcinogen); and titanium 
dioxide (Fletcher, 2008 and Scheffer, 2012).  Moreover, polyester and nylon are by far 
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the two most widely used synthetic fibers in the United States and are both essentially 
non biodegradable. The environmental impact pertaining to production is derived from a 
polymer solution acquired from the by-product of nonrenewable petroleum resources, 
thus, validating concerns towards the use and disposal of these toxins (Lewin and Pearce, 
1998).  
 In addition, textile dying is yet another fragment within production presenting a 
copious display of harmful implications on the environment. With the invention of 
synthetic dyes in 1856, W.H. Perkins provided the textile and apparel industry with a 
broader selection of dyes that were both color fast and brighter. 
Disposal. The amount of textile waste American’s have accumulated has 
dramatically decreased the active landfills both in number and size in the country. As a 
result, serious repercussions such as air pollution, soil contamination and production of 
carbon dioxide become everyday issues and concerns. While carbon dioxide is a major 
concern pertaining to landfills, methane, a greenhouse gas, is also produced trapping heat 
into the Earth’s atmosphere leading to global warming (Connell, 2015). 
With fashion retailers pushing new trends into the market on an almost weekly 
basis, the average American consumer now buys 60 percent more apparel and hastily 
disposes it in half the time compared to that of 15 years ago (Cobbing and Hofeman, 
2015). In the past 20 years, the amount of apparel Americans have thrown away annually 
has doubled from 7 million to 14 million tons, averaging at 80 pounds per person 
(Wicker, 2016). According to the Environmental Protection Agency (EPA), 84 percent of 
clothing that Americans threw away in 2012 went into either a landfill or an incinerator. 
Wicker (2016) explains the consistent increase in expenses the government at both the 
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state and national level are paying in response to the vast amounts of clothing disposal. 
New York City for example, pays $20.6 million annually on sending textile waste to 
landfills.  Considering consumer disposal habits along with production practices are not 
reformed, these enormous levels of waste have potential to permanently damage the 
environment along with the health of those inhabitants.   
Soil Contamination. Many studies have evaluated the effectives that pesticides 
have on cotton production finding that while the chemical sprays discourage insects it 
also requires an increased amount of pesticide for each season following. Additionally, 
farming systems have ignored the implications of these chemicals on human health and 
environmental impact. The most commonly used pesticide among cotton growers in the 
United States and globally are organophosphates, originally created as a toxic nerve agent 
in World War Two (Minney, 2011).  Connell (2015) explains that the cotton crop is only 
able to absorb a small percentage of what is actually sprayed, leaving the rest of the 
chemicals to seep into the ground and eventually into the groundwater. In third-world 
countries the administration of these chemicals has little to no enforcement policies or 
rather concerns. Considering the lack of technology amongst these regions, most of the 
pesticides are sprayed by hand leading to serious health issues (Grose, 2009).    
Another significant, soil-related, negative impact relates to fertilizer applications 
and nitrogen residuals that are left in the soil. The high levels of nitrogen cause the 
organic elements in the soil to decay through artificial mineralization. This process forces 
the crops dependency on synthetic fertilizers considering the lack of organic matter in the 
soil (Kramer, Reganold, Glover, Bohannan & Mooney, 2006,).  
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 Last but not least, textile waste poses distinctive threats pertaining to soil life. Due 
to the high volumes of decomposing apparel, pollutants develop such as leachate, a 
liquate substance that is extremely toxic. Filtering through the landfills, leachate will 
begin to travel into the soil and eventually the surface water systems leaving everything 
in its’ path essentially biologically dead (Connell, 2015). 
Water Pollution. According to WWF (2008), several areas throughout the world 
are experiencing water scarcity due to agricultural and industrial purposes. Based on 
population growth and increased water demands globally it is projected that by 2025, 
two-thirds of the population will reside in a ‘water-stressed’ region (Malik, 2013).  
From farming to processing, water is a key factor in producing fibers. For 
example, a cotton crop yield requires an estimated range from 1,400-3,400 gallons of 
water to produce one pound of fiber or two t-shirts (Baugh, 2008). In addition to cotton, 
the production of viscose requires approximately 500 liters of water per kilogram of fiber. 
Bearing in mind the world’s water operates in a closed system, known as the hydrological 
cycle, its only commonsense to consider how fiber production affects access to water for 
other purposes (Fletcher & Grose, 2012). 
 According to Connell (2015), ground and surface water quality is jeopardized due 
to residues of pesticides, and other chemicals that are applied to cotton crops. Likewise, 
fertilizer residues eventually leach into the aquatic system advancing eutrophication, the 
by-product of excess algae that forms into a thick layer on the surface of the water. The 
opaque algae inhibit the natural photosynthesis process to occur leading to decreased 
oxygen levels and essentially suffocating all aquatic life within lakes and other bodies of 
water, known as dead zones (Schindler & Vallentyne, 2008).  
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Sustainability  
According to Jim MacNeill (1987), Director of Environment at OECD in Paris 
and lead author of Our Common Future, sustainable development is defined as, “meeting 
the needs of the present generation without compromising the ability of future 
generations to meet their own needs” (p.41). MacNeill (1991) later argues that 
“[Sustainability is] growth based on forms and processes of development that do not 
undermine the integrity of the environment on which they depend.”  Recent 
conceptualizations have implemented three pillars to expose the most pressing concerns 
regarding sustainability-social, environmental and economic.  
Social. The social aspect of sustainability pertains to human inequality and ethical 
responsibility. Initiatives in this pillar introduce movements such as social justice, 
reducing poverty and social equity (Yada Drop LLC, 2014).  
Environmental. Environmental responsibility is represented by way of Aneja & 
Pal (2015), depicting the disproportionate ratio between earth’s resources and 
consumption habits, where consumers are exhausting what earth can essentially provide. 
Renewable energy, reduction of fossil fuel consumption and emissions, sustainable 
agriculture and recycling are only a few examples of environmental responsibility 
initiatives intrinsic to sustainability (Yada Drop LLC, 2014).  
Economic. IUCN (2006) explains the economic pillar signifying western 
consumers’ exploitation of the financial position in developing countries. A sustainable 
economy takes into account fair distribution and efficient dispersal of resources.  
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Sustainable Textiles. Coral Rose (2008) defines sustainable textiles as all 
materials and processing inputs and outputs being safe for both human and environmental 
health for the entirety of the products life cycle. Furthermore, all energy must derive from 
renewable or recycled sources, as well as, each stage of the products lifecycle actively 
promoting opportunity for its ability to be reused or recycled. According to Curteza (2012) 
sustainable fabrics and textiles can be categorized in the following ways:  
 Organic: A crop grown in a setting that is controlled without the use of pesticides, 
herbicides, or other chemicals. Both the soil and water are censored and only natural 
fertilizers can be used (Télio, 2014). 
 Eco Textiles: Textiles and fabrics that are conscientious on inflicting the least 
amount of harm to the environment during the products lifecycle, typically defined by 
agencies such as OEKOTEX, IFOAM etc. (EFF, 2017).   
 Recycled & biodegradable: Synthetic and natural fibers which are biodegradable 
and/or recycled in which the textile can be broken down in enabling the production of more 
textiles or conversion into fibers.  
 Textile Processes and Sustainability: Strategies impacting fiber and textile 
production that use less chemicals, water, energy, and effluent disposals in order to produce 
sustainable fabrics and textiles.  
 Buying & Producing Locally. 
Walter (2009) terms environmentally sustainable textiles and apparel (ESTA) in 
his study, as items produced and consumed through processes in which resources are not 
depleted or permanently damaged. Moreover, sustainable clothing often refers to fabrics 
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created from eco-friendly resources such as sustainably grown crops or recycled 
materials. Many argue that natural fibers take precedent over synthetic fibers due to their 
ability to biodegrade back into the earth at the end of their lifecycle thereby, supporting 
the ecosystem as a whole (Eagan, 2014). In relation to sustainability, Eagan (2014) 
defines the term ‘organic’ simply as using raw materials to produce fabric like cotton, 
bamboo, or hemp without utilizing pesticides or fertilizers. She explains that by buying 
clothing from brands that support organic or sustainable fabric production that consumers 
thus help ensure our planet’s soil and water won’t be poisoned with pesticides.  
 UNEP (2003) portrays various sustainable initiatives companies have taken in 
order to support social responsibility and reduce environmental impact. The international 
Clean Clothes campaign is one example of effectively influencing textile brands and 
distributors to improve poor working conditions. As companies forge partnerships around 
fair trade in textiles many other popular brands such as H&M and Timberland have 
engaged in sustainable development. Some companies have gone as far as developing 
new eco-friendly textiles in order to reduce their footprint (UNEP, 2003). According to 
the U.S. Department of Agriculture (USDA, 2007): 
Organic production is not simply the avoidance of conventional chemical inputs, 
 nor is  it the substitution of natural inputs for synthetic ones. Organic production 
 entails the use of cover crops, green manures, animal manures, and crop rotations 
 to fertilize the soil, maximize biological activity and maintain long- term soil 
 health. (para. 13)  
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Organic Cotton. According to Organic Facts (2017), organic cotton can only be 
grown on land that has been treated for a total of three consecutive years’ prior in order to 
ensure the soil is free from toxic residues from fertilizers and pesticides. Moreover, the 
plants are free from genetic modification and any chemicals used during processing and 
packaging. Considering organic cotton is grown without using fertilizers or pesticides, 
“its production results in a 93% reduction in produced toxicity compared with 
conventional cotton production” (Fletcher, 2008).  
According to the Organic Cotton Market Report (2009), 802,599 bales of organic cotton 
were produced in 22 countries with production growing at more than a 50% rate annually 
worldwide. According to the annual report publish by the Textile Exchange (2013), the 
organic cotton apparel marked reached $7.4 billion dollars in sales in 2012.  
Bamboo. According to Mass (2017), there are over 1,000 species of bamboo and 
can be grown on over 70 percent of the earth’s land area. In addition, bamboo is a 
naturally pest-resistant plant, having the ability to be grown without the need for 
pesticides or synthetic fertilizers (Baugh, 2008).  
In regards to apparel, Bamboo is considered very comfortable, breathable, moisture 
wicking, fast drying, thermal-regulating and antimicrobial (Mass, 2017). Not only is 
bamboo clothing 100% biodegradable but growing bamboo actually improves soil quality 
and helps rebuild eroded soil (Lackman, 2007).  
Lyocell. Lyocell became the new fiber of choice in the 1990s when researchers in 
the United Kingdom created a more environmentally friendly method to produce rayon. 
Although lycocell is marketed under the trade name Tencel, it remains chemically 
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identical to rayon. However, the solvent used to produce lyocell is more easily recovered 
than the solvents involved in rayon production and therefore less environmentally 
harmful (Welters, 2015).  In order to keep the toxic chemicals out of the water supply, 
lyocell uses a closed, recycled production system that uses the same chemicals over again 
in order to continue more production (Baugh, 2015). The source from which lyocell is 
most commonly produced from is eucalyptus, in which grows fast without irrigation, 
chemical pesticides or fertilizers. Considering over seventy million trees are demolished 
annually for wood-based fiber production, eucalyptus is a much more sustainable option 
(Farag, 2016).   
Summary 
 As consumer interest increases, it is essential to better understand the performance 
of fabrics containing renewable fibers. According to Gam, Cao, Farr, and Kang (2010), 
the production of environmental friendly apparel with high quality and good performance 
is key in order to retain consumer acceptance of those products; moreover, their study 
found that quality and softness were the main factors as to why consumers preferred 
organic apparel.    
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Chapter Three  
Methodology 
The purpose of this research was to evaluate and compare the aesthetic and 
performance properties of womens t-shirts composed of three different sustainable fibers: 
lyocell, organic cotton, and viscose from bamboo, before after repeated home laundering. 
Observations and measurements were collected from the t-shirts initially, and after the t-
shirts were washed and dried, one, five, ten, and twenty times.  
Research Design 
A quantitative, quasi-experimental design was used to evaluate the t-shirts 
according to industry standards. A General Linear Model (One-way Analysis of 
Variance) was used to determine whether the means of two or more groups were 
significantly different. A 95% confidence interval with an α of .05 was used throughout 
the study in order to determine levels of significance. 
Furthermore, the womens t-shirts were chosen to represent emerging sustainable 
fibers that an environmentally conscious consumer has access to purchase. The 
independent variable in the study were the womens t-shirts at each fiber composition 
(lyocell, organic cotton, and viscose from bamboo). The dependent variables were fabric 
weight, fabric count, colorfastness to laundering, pilling, dimensional stability and 
garment twist.  
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Samples   
 The sample for the study consisted of womens t-shirts produced from three 
different fibers: lyocell, organic cotton, and viscose from bamboo. The sample consisted 
of thirty-nine shirts total with thirteen being represented of each fiber: thirteen lyocell 
(H&M) t-shirts, thirteen organic cotton (PACT) t-shirts, and thirteen viscose from 
bamboo (Cariloha) t-shirts. All of the t-shirts were black in order determine any color 
change such as fading.  
Table 3.1  
Summary of Sample 
Fabric Content Brand T-Shirt Color Price of T-shirt 
70% Viscose from 
Bamboo / 30% 
Organic Cotton 
Cariloha Black $27 
100% Organic 
Cotton Pact Black $16 
100% Tencel® 
Lyocell H&M Black $25 
 
 The t-shirts were purchased individually on the retailers’ website at the price 
listed in Table 3.1. The samples were found by entering into a search engine: ‘fiber 
content’ womens t-shirt. This method of selection was used to replicate a consumers’ 
choices when searching for sustainable fabrics. Table 3.2 displays the design 
specifications in regards to the styles and materials used for each t-shirt. 
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Design Specifications 
Table 3.2  
Style and Materials Summary 
Retail Category Cariloha Pact H&M 
 
Item Category 
 
Women’s dolman 
t-shirt 
 
Women’s scoop 
neck 
t-shirt 
 
Women’s t-shirt 
 
Fabric Category 
 
Single jersey 
weft knit 
 
 
Single jersey 
weft knit 
 
Double jersey fine 
rib knit 
 
Fiber Content 
 
70% viscose from 
bamboo / 30% 
organic cotton 
 
 
100% organic 
cotton 
 
100% lyocell 
 
Color 
 
Black 
 
 
Black 
 
Black 
 
Neck Band 
 
1 X 1 Rib 
 
1 X 1 Rib 
 
1 X 1 Rib 
 
Tape at Neck and 
Shoulder 
 
N/A 
 
Knit Self-Fabric 
 
Double Jersey Fine 
Rib Knit 
 
Body Construction Side Seams Side Seams Side Seams 
 
Sample Size 
 
XL, 2XL 
 
L, XL 
 
12, 14 
 
Size Range 
 
XS, S, M. L, XL, 
2XL 
 
XS, S, M, L, XL 
 
0, 2, 4, 6, 8, 10, 12, 
14 
 
Style No. 
 
10003-2011 
 
WA1-WSS-BLK-
LA 
 
0616453 
 
FTC Label at Neck 
 
Tagless / Heat 
Transfer 
 
 
Tagless / Heat 
Transfer 
 
Tag 
 
Country of Origin 
 
Made in India 
 
Made in Mexico 
 
Made in Portugal 
 
Registration 
Number (RN) 
 
128480 
 
108723 
 
101255 
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Instruments and Measurements 
The study followed standardized test methods recommended in the ASTM 
D6321/D6321M-14: Standard Practice for the Evaluation of Machine Washable T-Shirts. 
Furthermore, measurements obtained from direct testing were based on standard test 
method procedures indicated by both the American Society for Testing and materials 
(ASTM) and the American Association of Textile Chemists and Colorists (AATCC). 
Instruments used in the study were provided by the University of Kentucky’s Textile 
Testing Laboratory. According to industry standards, the tests and evaluations performed 
in the study were collected initially and post laundering cycles one, five, ten, and twenty.  
Procedures  
 The samples were prepared under the same conditions and subjected to identical 
tests being evaluated initially and after one, five, ten, and twenty laundering cycles. Prior 
to testing, the samples were conditioned for a minimum of four hours in an atmospheric 
chamber registering 70° ± 2° Fahrenheit and relative humidity of 65% ± 5%, according to 
the ASTM D1776 Standard Practice for Conditioning and Testing Textiles (ASTM, 
2016). Table 3.3 displays the tests performed at the appropriate wash interval. In 
addition, Table 3.3 portrays the overall evaluation (material, performance, and aesthetic) 
and the corresponding tests performed for each evaluation. 
 Table 3.4 presents the laundering care labels attached to each t-shirt as well as the 
location as to where the label was found. The laundering cycles were set based on the 
care labels to determine the material, aesthetic, and performance properties of each fiber 
content (lyocell, organic cotton, and viscose from bamboo) after twenty wash cycles. 
Furthermore, this method generated data that would implicate consumer relevance.  
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Table 3.3 
Test Procedures 
T-Shirt Number 1 
served as a control. 
T-Shirt Sample Identification Numbers 
2 & 3 4 & 5 6 & 7 8 & 9 10 & 11 12 & 13 
Criteria Testing Intervals* 
M
at
er
ia
ls
 Fabric Weight  Initial 1 5 10 20 
Fabric Count  Initial    20 
A
pp
ea
ra
nc
e 
Color 
(Subjective & 
Instrumental) 
1,5,10,20      
Appearance 1,5,10,20      
Pilling 1,5,10,20      
Smoothness 1,5,10,20      
 
Dimensional 
Stability 1,5,10,20      
 
 
 
Pe
rfo
rm
an
ce
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Laundering conditions. 
Table 3.4  
Care Instructions 
Brand Cariloha PACT H&M 
Location of 
Care Label 
At neck and sewn into 
side seam 
At neck; tagless and 
printed on products 
hangtag 
Sewn into side hem 
Care Label 
Material Heat Transfer 
Woven Tafetta / 
Satin 
Woven Tafetta / 
Satin 
Care 
Instructions 
on Label 
Machine wash cold, like 
colors, do not bleach, 
tumble dry medium, do 
not iron decoration 
At Neck and 
Hangtag: 
Machine wash cold. 
Tumble dry low. 
 
On Hangtag 
(Symbols only): 
Wash at or below 
30°C, do not 
bleach, tumble dry 
low temp, iron on 
low temp, do not 
dry clean 
US Machine wash 
cold gentle cycle. 
Only non-chlorine 
bleach, when 
needed. 
Line Dry. 
Medium Iron. Dry 
Clean. Use a 
Laundry Bag. 
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Material evaluation.  
Fabric weight. In accordance to ASTM D3776/D3776M – 09a (2013): Standard 
Test Methods for Mass Per Unit Area (Weight) of Fabric, each fabric type per the eco-
friendly t-shirts was calculated by the ounces per square yard. The specimens that were 
collected were measure initially and post laundering after one, five, ten, and twenty 
times. The weight was initially reported in grams to the thousandths place and then 
converted to ounces per square yard using the formula: 
oz./yd2=45.72 x weight in grams / 5.94 
Fabric count. According to the ASTM D8007-15: Standard Test Method for 
Wale and Course Count of Weft Knitted Fabrics, the wale and course yarns were made in 
three 1in. x 1 in. locations and were averaged post counting the sample initially and after 
the t-shirt was laundered twenty times. The knit fabric count in the study was 
documented based on the formula: wale x course, in which the total count was the 
average of two replicate test results for each fabric analyzed.  
Aesthetic Properties. 
Colorfastness to laundering. Both a subjective visual evaluation and instrumental 
measurement of the color difference of the test specimens were recorded initially and 
after the t-shirts were washed one, five, ten, and twenty times.  
Subjective color change. According to AATCC Evaluation Procedure 9-2011: 
Visual Assessment of Color Difference of Textiles, the color of the washed t-shirts was 
compared to an unwashed sample in which acted as the control. The samples were 
evaluated using a Spectra Light QC apparatus under D65 illuminant. In compliance with 
AATCC Evaluation Procedure 1-2012: Gray Scale for Color Change, the specimens 
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were measured on a grading scale ranging from 1-5, considering grade 1 indicating 
severe color change. The averages of the grades were reported according to each fiber.   
Instrumental color change. Applicable to any test method in which refers to the 
Gray Scale for color change, AATCC Evaluation Procedure 7-2015: Instrumental 
Assessment of the Change in Color of a Test Specimen was utilized to calculate the 
colorfastness of the test specimens. The color difference (Delta E) was measured before 
and after washes one, five, ten, and twenty, using a HunterLab Lab Scan XE 
spectrophotometer and calculated using EasyMatch QCTM software. 
Appearance of stitches/seams/hems/neckline post laundering. In order to 
measure and compare each t-shirt’s ability to maintain its original appearance prior to the 
wash cycles, a visual examination of all stitches, seams, hems, and necklines were 
recorded. This inspection was conducted initially and after after laundry cycles one, five, 
ten, and twenty.  
Smoothness Appearance. According to the AATCC Test Method 124-2014: 
Smoothness Appearance of Fabrics after Repeated Home Launderings, the t-shirts were 
evaluated in order to distinguish the ability for the garment to release wrinkles. The 
garments were tested initially, and after laundry cycles one, five, ten, and twenty. After 
the garments were placed in the atmospheric chamber for a minimum of four hours, they 
were then each individually hung on an AATCC viewing board according to Fig. 1 – 
Lighting equipment for viewing specimens in the AATCC standards Test Method 124. 
The samples were evaluated at a distance of 1.2 ± 0.3 m. By comparing the samples 
against the AATCC 3-D Smoothness Appearance Replicas, the t-shirts were rated against 
a six increment 1-5 grading scale were ‘SA-5’ represented a very smooth, pressed, 
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finished appearance while ‘SA-1’ represented a crumpled, creased and severely winkled 
appearance.  
Pilling. Pilling and other transformations in the surface appearance such as 
fuzzing, that occur in normal wear were tested initially and after laundry cycles one, five, 
ten, and twenty according to the ASTM D512/D3512M - 16: Standard Test Method for 
Pilling and other Related Surface Changes of Textile Fabrics: Random Tumble Pilling 
Tester 1. The samples were in an atmospheric chamber for a minimum of four hours. The 
samples were then placed on a viewing board at a 45° ± 5° angle in a SpectraLight QC 
light booth under a D65 illuminant to emulate mid-day light and observation occurred at 
90° ± 5° to the plane of the specimens. An ASTM photographic standard was used to 
subjectively rate the face of each specimen allowing half ratings in between considering a 
rating of 1 representing very severe pilling.   
Performance Properties. 
Dimensional stability. According to AATCC Test Method 150-2012: 
Dimensional Changes of Garments after Home Laundering, the t-shirts were evaluated 
initially and after wash cycles one, five, ten, and twenty to determine if any dimensional 
changes occurred when subjected to home laundering procedures. After the samples were 
conditioned in an atmospheric chamber for a minimum of four hours they were then laid, 
without tension, on a flat smooth, horizontal surface and measured by the distance 
between benchmarks made across the garment panel. The test method followed the 
benchmarks termed in section 7.2.3 of ASTM D6321/D6321M-14: Standard Practice for 
the Evaluation of Machine Washable T-shirts. If construed, measurements were made to 
the nearest sixteenth of an inch following the formula: 
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%DC = 100 (B-A) / A 
Garment twist/skew. Determination of changes, if any, in skewness or twist of the 
t-shirts when subjected were measured initially and after wash cycles one, five, ten, and 
twenty in accordance to the AATCC Test Method 179-2012: Skewness Change in Fabric 
and Garment Twist Resulting from Automatic Home Laundering. As directed for 
‘Marking Method 2’ in 7.2.4 of ASTM D6321/D6321M-14: Standard Practice for the 
evaluation of Machine Washable T-Shirts, the samples were conditioned in an 
atmospheric chamber for a minimum of four hours and laid, without tension, on a flat, 
smooth, horizontal surface and measured per the benchmarks drawn prior to laundering. 
As follows, calculations were made to the record the percent change in skewness to the 
nearest 0.1%: 
X = 100 (AA’ / AB)  
Data Analysis 
 Data recorded from instrumental measurements, ratings and evaluations were 
analyzed and presented in either figure or table format using SAS software (Statistical 
Analysis System). An ANOVA (analysis of variance) table and SLR (Simple Linear 
Regression) model were used to determine significance at 5% confidence level by using 
the t-test and quantifying the source of variation in the data.  
 
  
  32  
 
Chapter Four  
Results and Discussion 
The purpose of this research was to evaluate and compare the aesthetic and 
performance properties of women’s eco-friendly t-shirts composed of three different 
sustainable fibers (lyocell, organic cotton, and viscose from bamboo) before after 
repeated home laundering. Observations and measurements were collected from the t-
shirts initially, and after the t-shirts were washed and dried, one, five, ten, and twenty 
times. The sample comprised of 39 black t-shirts total consisting of three different fibers 
each from a different brand: lyocell (H&M), organic cotton (PACT), and viscose from 
bamboo (Cariloha).  The t-shirts were tested for fabric weight, fabric count, pilling visual 
color change, instrumental color change, dimensional change, skewness and smoothness. 
All tests were performed in accordance to AATCC and ASTM standard test methods 
while under a controlled laboratory setting.   
The data is presented using a combination of charts, graphs and tables in the form 
of descriptive statistics. Averages were taken from multiple samples and replications in 
order to determine significance between the fabric content (lyocell, organic cotton, and 
viscose from bamboo) and wash interval based on the test performed. Data collected post 
wash twenty provides insight as to the expected performance and quality of fiber over its 
lifetime. The collected data at all testing intervals is presented in Appendix B.  
 
 
Material evaluation.  
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Fabric weight. Fabric weight was performed initially and after wash intervals 
one, five, ten, and twenty in accordance to ASTM D3776/D3776M – 09a (2013): 
Standard Test Methods for Mass Per Unit Area (Weight) of Fabric. Calculations were 
averaged and reported for each fiber content by using the formula: oz./yd2=45.72 x 
weight in grams / 5.94.  
Figure 4.1. Fabric Weight, ASTM D3776/D3776M – 09a (2013): Standard Test Methods 
for Mass Per Unit Area (Weight) of Fabric 
Overall the change in fabric weight was significant (p=0.00372). However, only t-
shirts made of viscose from bamboo showed a significant change in fabric weight. The 
weight of the t-shirts of viscose from bamboo increased at each wash interval. There was 
a difference in the lyocell t-shirts in which the fabric weight decreased over the wash 
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intervals. T-shirts made of organic cotton remained relatively consistent, which only a 
slight increase in fabric weight after twenty wash cycles. 
 Fabric Count. Fabric count was performed initially and after wash twenty 
according to ASTM D8007-15: Standard Test Method for Wale and Course Count of 
Weft Knitted Fabrics, where three 1in. x 1 in. locations were averaged. Calculations 
based on the formula (wale x course) in which the total count was the average of two 
replicate test results, was recorded.   
 
Figure 4.2. Fabric Count, ASTM D8007-15: Standard Test Method for Wale and Course 
Count of Weft Knitted Fabrics 
 There was a significant change in fabric count after twenty wash cycles for t-
shirts made of viscose from bamboo (p=0.001137). However, lyocell and organic cotton 
did not demonstrate any significant change in fabric count between the initial wash cycle 
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and wash cycle twenty. Organic cotton was the least affected by wash cycles when 
testing for fabric count considering there was no change.  
Aesthetic evaluation. 
 Smoothness appearance. The t-shirts were evaluated initially and after 
wash intervals one, five, ten, and twenty in order to determine the fabrics ability to 
release wrinkles according to the AATCC Test Method 124-2014: Smoothness 
Appearance of Fabrics after Repeated Home Launderings. The samples were placed on 
hangers positioned in a lengthwise direction and displayed against the AATCC verified 
viewing board. Ratings were given with the evaluator standing at a distance of 1.2 ± 0.3 
m. By comparing the samples against the AATCC 3-D Smoothness Appearance Replicas, 
the t-shirts were rated against a six increment 1-5 grading scale were ‘SA-5’ represented 
a very smooth, pressed, finished appearance while ‘SA-1’ represented a crumpled, 
creased and severely winkled appearance. 
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Figure 4.3. Smoothness Appearance, AATCC Test Method 124-2014: Smoothness 
Appearance of Fabrics after Repeated Home Launderings 
The overall change in smoothness was significant (p=0.0165) in which significant 
change occurring after wash intervals five, ten, and twenty. The t-shirts made of organic 
cotton exhibited a decrease in ratings after all wash intervals. Conversely, t-shirts made 
of lyocell and viscose from bamboo did not show a significant change in smoothness. As 
demonstrated in figure 4.3, t-shirts made of lyocell had a decrease in ratings until after 
wash interval five in which there was no further signs of wrinkling. T-shirts made of 
viscose from bamboo exhibited the most change in smoothness after wash five then 
leveling out after wash interval ten.   
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Colorfastness to laundering.  
 Subjective color change. In accordance to AATCC Evaluation Procedure 9-2011: 
Visual Assessment of Color Difference of Textiles, samples were evaluated initially and 
after wash intervals one, five, ten, and twenty. The samples were evaluated using a 
Spectra Light QC apparatus under D65 illuminant with specimens compared to an 
unwashed sample in which served as a control. The specimens were measured on a 
grading scale ranging from 1-5, where grade 1 indicated severe color change in 
compliance with AATCC Evaluation Procedure 1-2012: Gray Scale for Color Change. 
 
 
Figure 4.4. Subjective Color Change, AATCC Evaluation Procedure 9-2011: Visual 
Assessment of Color Difference of Textiles 
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Overall, the t-shirts had a significant color change after washes five, ten, and 
twenty (p=0.0001). The t-shirts made of lyocell had significant color change when 
evaluated against the AATCC Gray Scale for Color Change (p=0.0001) after wash 
intervals five, ten and twenty. As seen in figure 4.4 lyocell exhibits a dramatic decrease in 
ratings indicating that the t-shirt changed in color when compared to an unwashed 
sample. T-shirts made of organic cotton also had significant color change (p=0.0001) 
indicating color change after washes five, ten, and twenty. Organic cotton only began to 
exhibit color change after wash cycle five and continues to decrease after each interval. 
The t-shirts made of viscose from bamboo exhibited significance (p=0.0014) with 
significant change occurring post wash intervals five, ten, twenty. In addition, there was 
no color change after wash intervals five and ten however, after wash interval twenty 
there was a significant decrease in color. 
 Instrumental color change.  A HunterLab Lab Scan XE spectrophotometer, 
calculated by using EasyMatch QCTM software, was used to determine colorfastness of 
the test specimens initially and after wash intervals one, five, ten, and twenty using an 
unwashed shirt as the control. AATCC Evaluation Procedure 7-2015: Instrumental 
Assessment of the Change in Color of a Test Specimen was utilized to calculate the color 
difference (Delta E) of the test specimen. 
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Figure 4.5. Instrumental Color Change, AATCC Evaluation Procedure 7-2015: 
Instrumental Assessments of the Change in Color of a Test Specimen 
The lyocell t-shirts exhibited significant color change when measured 
instrumentally (p=0.0013) with significance post wash intervals one, five, ten, and 
twenty. In figure 4.5, the lyocell t-shirts display a severe degree of color change after 
wash interval one as it then continues to increase after each wash cycle. The, t-shirts 
made of organic cotton had significant color change (p=0.0248) with significant change 
after wash interval twenty.  Viscose from bamboo did not have any significant change 
however exhibited its peak degree of color change after wash interval five.  
Pilling. According to the ASTM D512/D3512M - 16: Standard Test Method for 
Pilling and other Related Surface Changes of Textile Fabrics: Random Tumble Pilling 
Tester 1, the samples were rated initially and after wash intervals one, five, ten, and 
twenty. The specimens were rated against an unwashed sample by being placed on a 
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viewing board at a 45° ± 5° angle in a SpectraLight QC light booth under a D65 
illuminant. An ASTM photographic standard was used to subjectively rate the face of 
each specimen allowing half ratings inbetween considering a rating of 1 representing very 
severe pilling.    
 
Figure 4.6. Pilling, ASTM D512/D3512M - 16: Standard Test Method for Pilling and 
other Related Surface Changes of Textile Fabrics: Random Tumble Pilling Tester 
As seen in figure 4.6 the t-shirts did not exhibit pilling from one to twenty wash 
cycles. This may be due to the fact that the t-shirts were not being worn during the test 
procedures. Another consideration for the consistent ratings could be that each fiber 
content was washed separate from one another, thereby all of the t-shirts made of viscose 
from bamboo were washed together, etc. 
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Performance properties. 
 Dimensional stability. Dimensional change was evaluated initially and after wash 
cycles one, five, ten, and twenty in accordance to AATCC Test Method 150-2012: 
Dimensional Changes of Garments after Home Laundering. Measurements were taken by 
laying the specimen without tension on a flat, smooth, horizontal surface and measured 
by the distance between benchmarks made across the garment panel. The test method 
followed the benchmarks termed in section 7.2.3 of ASTM D6321/D6321M-14: Standard 
Practice for the Evaluation of Machine Washable T-shirts. If construed, measurements 
were made to the nearest sixteenth of an inch following the formula: 
%DC = 100 (B-A) / A.  
 
 
Figure 4.7. Dimensional stability, AATCC Test Method 150-2012: Dimensional 
Changes of Garments After Home Laundering 
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 Figure 4.7 represents each fibers average dimensional change at interval one, five, 
ten and twenty. Figure 4.7 exhibits the increase in dimensional change in the front length 
location of the t-shirts made of lyocell over the twenty wash cycles. However, lyocell 
significantly shrank in the width location. The total dimensional change for t-shirts made 
of lyocell for length was (9.57%) and in width (-2.98%).  The t-shirts made of organic 
cotton consistently increased in measurement in the front length location until wash 
interval twenty where the t-shirt dramatically reduced in front length measurements. 
Organic cotton also increased in the chest width location consistently over the twenty 
wash intervals. The total dimensional change for t-shirts made of organic cotton for the 
length was (1.95%) and the width was (2.26%) Furthermore, t-shirts made of viscose 
from bamboo showed an increase in dimensional change in the front length direction. In 
regards to the width of the t-shirts made of viscose from bamboo, the measurements 
increased in all wash intervals except wash interval ten where there was a slight decrease.  
The total dimensional change for t-shirts made of viscose from bamboo for length was 
(5.73%) and width (4.70%).  
Skewness. According to the AATCC Test Method 179-2012: Skewness Change in 
Fabric and Garment Twist Resulting from Automatic Home Laundering, the percentage 
change in skewness is recorded by placing the specimen on a flat, horizontal surface, 
without any tension and measured. Furthermore, the benchmarks were drawn prior to 
laundering an averaged to the nearest 0.1% by using the formula: X = 100 (AA’ / AB). 
There is no statistically significant change with skewness with any of t-shirts when 
measuring for skewness.  
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Research Questions 
Research Question #1. Are there differences in the material properties of the t-shirts 
composed of three different sustainable fibers (lyocell, organic cotton, and viscose from 
bamboo) after repeated home laundering?  
Fabric weight. The fabric weight for the t-shirts composed of viscose from 
bamboo initially weighed an average of 4.43 oz/yd2 and after twenty wash intervals the 
fabric weight increased to 4.98 oz/yd2. In addition, the viscose from bamboo t-shirts 
remained the only fiber that had statistical significance (p=0.0001) with fabric weight 
increasing over each wash cycle. The organic cotton t-shirts initially weighed an average 
of 4.48 oz/yd2 and 4.62 oz/yd2 post twenty wash intervals. Organic cotton was the most 
invariable fiber amongst the three. Lastly, t-shirts composed of lyocell initially weighed 
an average of 4.69 oz/yd2 and after twenty wash intervals weighed an average of 4.45 
oz/yd2. The fabric weight of the lyocell t-shirts overall decreased after the wash cycles.  
Fabric count. The viscose from bamboo t-shirts had significant change between 
the initial count and post wash twenty count (p=0.0011). Contrarily, organic cotton and 
lyocell had no significance in fabric count. Moreover, organic cotton had no change in 
fabric count. 
Research Question #2. Are there differences in the aesthetic properties of the t-shirts 
composed of three different sustainable fibers (lyocell, organic cotton, and viscose from 
bamboo) after repeated home laundering? 
Smoothness. T-shirts made of organic cotton had the only significant change in 
smoothness over each wash interval (p=0.0001) with an overall regression in ratings. 
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While viscose from bamboo t-shirts did not have statistical significance, there was an 
increase in ratings over with wash cycles. Overall, lyocell t-shirts had the highest ratings 
for smoothness after twenty wash cycles and the most consistency among the three.  
Colorfastness.  
 Subjective color change. All three fibers demonstrated significance in subjective 
color change. After twenty wash intervals, lyocell t-shirts were perceived to have the 
most color change with the differences between ratings of (2.12). Organic cotton t-shirts 
were perceived to have the least amount of color change with the differences of ratings at 
(1.12).  Likewise, t-shirts made of viscose from bamboo had significance in color change 
and a difference in ratings of (1.37).  
 Instrumental color change. After twenty wash intervals, lyocell t-shirts had most 
instrumental degree of color change (p=0.0013). T-shirts made of organic cotton also had 
significance in the degree of color change post twenty wash cycles (p=0.0248). The 
degree of color change in regards to the t-shirts made of viscose from bamboo had the 
least amount of change and had no statistical significance.   
Pilling. There was essentially no difference between the t-shirts after twenty wash 
intervals when evaluated for pilling. All three fibers had a consistent rating of ‘5’ when 
evaluated by comparison to an ASTM photographic standard. 
Research Question #3. Are there differences in the performance properties of the t-shirts 
composed of three different sustainable fibers? 
Dimensional stability. Overall, t-shirts made of viscose from bamboo had the 
greatest dimensional change after the wash intervals (5.22%). The most change occurred 
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in the length of the t-shirts (5.73%) however, the width of the t-shirts also changed on 
average (4.70%). The lyocell t-shirt had a total dimensional change of (3.47%). The 
average length of the lyocell t-shirts changed (9.57%) and the width (-2.98%), 
considering the length of the shirt shrunk and the width of the shirt expanded. In regards 
to the t-shirts made of organic cotton, the overall average dimensional change was 
(2.28%). The average change in length was (1.95%) and in with (2.26%).  
Garment skew. There was no significance in the garment skew of any of the t-
shirts.  
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Chapter Five  
Conclusion 
The purpose of this research was to evaluate the aesthetic and performance 
properties of women’s t-shirts composed of three different sustainable (lyocell, organic 
cotton, and viscose from bamboo) before and after repeated home laundering. The 
women’s t-shirts were chosen to represent emerging sustainable fibers that an 
environmentally conscious consumer has access to purchase. The sample consisted of 
thirty-nine black t-shirts from three different brands and three different fibers: thirteen 
H&M (lyocell) t-shirts, thirteen PACT (organic cotton) t-shirts, and thirteen Cariloha 
(viscose from bamboo) t-shirts. Observations and measurements were collected initially 
and after the t-shirts were washed and dried one, five, ten, and twenty times.  
 All of the tests were performed in accordance with AATCC and ASTM standard 
test methods and was conducted under controlled laboratory settings.  
The research objectives of this study were to:  
1. Evaluate the material properties (fiber count and fabric weight) of t-shirts composed of 
three different sustainable fibers (lyocell, organic cotton, and viscose from bamboo) 
before and after repeated home laundering.  
 Each t-shirt was measured for fiber count and fabric weight in order to evaluate 
the material properties of the fiber before and after repeated home laundering. Fabric 
weight measurements were taken initially and after one, five, ten, and twenty wash 
cycles. Overall, organic cotton had the least amount of weight change indicating that the 
garment did not loose any fibers or absorb detergent residuals during the laundering 
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cycles. The lyocell t-shirts however, lost weight throughout the laundering cycles while t-
shirts made of viscose from bamboo had an increase in fabric weight.  
 In regards to the weight reduction of the t-shirts made of lyocell, this could 
indicate that the t-shirt lost fibers and became thinner after each wash interval. In 
contrast, t-shirts made of viscose from bamboo gained weight, where the garment may 
have either absorbed detergent over the wash cycles or the fabric could have condensed 
after each wash cycle.  
 In addition, fabric count measurements were performed initially and after twenty 
wash cycles. The t-shirts made of viscose from bamboo had the most difference in fabric 
count when measured, considering it increased count when measured after twenty wash 
cycles to that of the initial count. Likewise, the lyocell t-shirts increased but not enough 
to state statistical significance. The organic cotton t-shirts performed the most consistent 
as the fabric count neither increased nor decreased over twenty wash cycles.  
 The data generated from the fiber count test method concludes that the t-shirts 
made of organic cotton neither lost fabric nor condensed over the wash intervals 
concluding it outperformed when comparing the other t-shirts in this particular test. 
Thereby, the overall evaluation of the material properties tested in the study, denoted that 
the t-shirts made of organic cotton were unaffected by wash cycles and therefore, 
performed the best.  
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2. Measure the aesthetic properties (colorfastness, smoothness, and pilling) of t-shirts 
composed of three different sustainable fibers (lyocell, organic cotton, and viscose from 
bamboo) before and after repeated home laundering. 
 The aesthetic properties of the t-shirts were measured initially and after wash 
cycles one, five, ten, and twenty in order to distinguish any change in the appearance of 
the t-shirt after laundering when compared to an unwashed sample. The tests to measure 
the aesthetic properties of the t-shirts included colorfastness, smoothness, and pilling. The 
overall colorfastness tests concluded that the fibers would experience color difference 
with repeated laundering. When rated subjectively against a AATCC grading scale, the t-
shirts made of lyocell had the lowest ratings when compared to the original sample, 
indicating that laundering would affect the samples color. Lyocell t-shirts also 
experienced the greatest difference in degree of color change when measured using a 
spectrophotometer for instrumental color change. In regards to the t-shirts made of 
viscose from bamboo and cotton, there was some color change, however much less when 
compared to lyocell.  
 The results of evaluating smoothness indicated that the t-shirts made of organic 
cotton would have the most likelihood of wrinkling over wash cycles that the other two 
fibers. The outcome when performing the test for pilling exhibited the most consistency 
than any of the other tests performed. After every wash interval the t-shirts showed no 
signs of pilling when compared to the unwashed sample.  
 Overall, besides the test procedure for pilling, the majority of the t-shirts 
gradually decreased in aesthetic appearance after repeated home laundering. 
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3. Measure the performance properties (dimensional stability, and garment twist/skew) of 
t-shirts composed of three different sustainable fibers (lyocell, organic cotton, and 
viscose from bamboo) before and after repeated home laundering. 
 The performance properties of the t-shirts included dimensional stability and 
garment twist/skew. The measurements were taken initially and after wash interval one, 
five, ten, and twenty. Dimensional change consisted of measurements taken at length and 
width locations of each t-shirt. The t-shirts made of viscose from bamboo accounted for 
the most overall dimensional change (5.22%). The most dimensional change occurred in 
the front length location of the t-shirts, in which the t-shirts measurements increased.  
The t-shirts made of lyocell exhibited the most dimensional change in the front 
length location (9.57%). While the t-shirts expanded in length, there was a dramatic 
decrease in width, where the t-shirts shrank (-2.98%). T-shirts made of lyocell were also 
the only t-shirts that shrunk. The t-shirts made of organic cotton outperformed the other 
fabrics as the t-shirt only expanded by less then two percent at both length and width 
locations indicating that between the three fibers, organic cotton was least affected by 
wash intervals.  
Garment skew/twist measurements were taken to indicate how much the t-shirts 
twisted at the seam after wash intervals, however, there was no significant effect.    
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Limitations  
 This research was limited due to measurements and evaluations being only 
collected after laundering. In addition, the t-shirts may have performed and generated 
different measurements if exposure to wearer usage, environmental stressors, soiling and 
individual home laundering practices were factored. Furthermore, there was a limited 
population of t-shirts and no control over production in regards to randomization, etc.  
Recommendations for Future Research 
 There are many ways that this study could be expanded. For example, having 
more sample colors would allow more tests for colorfastness. Enabling the samples to be 
worn and tested after exposure to environmental stressors would allow more relevance 
for consumer perspectives. It would also be recommended to do antimicrobial tests on the 
fibers considering viscose from bamboo addresses these qualities.  
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Appendix A 
Definition of Terms 
Colorfastness: the resistance of a material to change in any of its color characteristics, to 
transfer any of its colorant(s) to adjacent materials, or both, as a result of the exposure of 
the material to any environment that might be encountered during the processing, testing, 
storage, or use of the material (AATCC, 2016).  
Dimensional Change: the determination of dimensional changes of garments when 
subjected to home laundering procedures used by consumers (AATCC, 2016).  
Fabric Count: the number of wale and courses per one inch (ASTM, 2016). 
Fabric Weight: the fabric mass for a given area or length of fabric (ASTM, 2016). 
Pilling:  a fabric surface characterized by little pills of entangled fiber clinging to the 
cloth surface and giving the garment unsightly appearance (Testex, 2017).  
Skewness: a condition in fabrics in which the filling yarns or knitted courses are 
angularly displaced from a line perpendicular to the edge or side of the fabric  
(AATCC, 2016).  
Smoothness Appearance: the visual impression of planarity of a specimen  quantified by 
comparison with a set of reference standards (AATCC, 2016).  
Sustainability: the development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs (Our Common 
Future, 1987).  
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Appendix B 
Table B1 
ASTM D3776/D3776M – 09a (2013): Standard Test Methods for Mass Per Unit Area 
(Weight) of Fabric, T-Shirts Made of Viscose from Bamboo 
Fiber Wash Interval Sample 
Weight 
(Grams) 
Weight 
(oz/yd²) 
Average 
(oz/yd²) 
Overall 
Average 
V
is
co
se
 fr
om
 B
am
bo
o 
 
In
iti
al
 4 
0.57 4.40 
4.38 
4.43 
0.56 4.31 
0.58 4.44 
5 
0.57 4.40 
4.47 0.58 4.49 
0.59 4.52 
W
as
h 
1 
6 
0.60 4.63 
4.70 
4.70 
0.61 4.70 
0.62 4.76 
7 
0.60 4.62 
4.70 0.62 4.76 
0.61 4.72 
W
as
h 
5 
8 
0.62 4.79 
4.85 
4.87 
0.64 4.94 
0.63 4.83 
9 
0.62 4.80 
4.88 0.63 4.87 
0.65 4.97 
W
as
h 
10
 10 
0.61 4.71 
4.76 
4.77 
0.61 4.71 
0.63 4.85 
11 
0.62 4.75 
4.78 0.64 4.89 
0.61 4.70 
W
as
h 
20
 12 
0.64 4.92 
4.99 
4.98 
0.64 4.96 
0.66 5.08 
13 
0.66 5.07 
4.98 0.65 5.02 
0.63 4.85 
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Table B2 
ASTM D3776/D3776M – 09a (2013): Standard Test Methods for Mass Per Unit Area 
(Weight) of Fabric, T-Shirts Made of Organic Cotton 
Fiber Wash Interval Sample 
Weight 
(Grams) 
Weight 
(oz/yd²) 
Average 
(oz/yd²) 
Overall 
Average 
O
rg
an
ic
 C
ot
to
n 
In
iti
al
 
4 
0.56 4.33 
4.53 
4.58 
0.61 4.66 
0.60 4.60 
5 
0.60 4.61 
4.62 0.60 4.60 
0.61 4.66 
W
as
h 
1 6 
0.61 4.67 
4.60 
4.60 
0.58 4.46 
0.61 4.76 
7 
0.60 4.64 
4.61 0.59 4.56 
0.60 4.61 
W
as
h 
5 8 
0.61 4.71 
4.62 
4.60 
0.60 4.65 
0.58 4.50 
9 
0.58 4.47 
4.59 0.61 4.67 
0.60 4.62 
W
as
h 
10
 10 
0.58 4.44 
4.59 
4.61 
0.60 4.61 
0.61 4.72 
11 
0.60 4.63 
4.63 0.61 4.70 
0.59 4.55 
W
as
h 
20
 12 
0.58 4.49 
4.59 
4.62 
0.60 4.63 
0.60 4.65 
13 
0.60 4.63 
4.66 0.60 4.63 
0.61 4.71 
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Table B3 
ASTM D3776/D3776M – 09a (2013): Standard Test Methods for Mass Per Unit Area 
(Weight) of Fabric, T-Shirts Made of Lyocell 
Fiber Wash Interval Sample 
Weight 
(Grams) 
Weight 
(oz/yd²) 
Average 
(oz/yd²) 
Overall 
Average 
Ly
oc
el
l 
In
iti
al
 4 
0.65 5.03 
4.92 
4.69 
0.65 4.98 
0.62 4.75 
5 
0.56 4.27 
4.46 0.59 4.53 
0.59 4.56 
W
as
h 
1 6 
0.56 4.34 
4.26 
4.47 
0.53 4.09 
0.56 4.34 
7 
0.61 4.70 
4.68 0.58 4.48 
0.63 4.86 
W
as
h 
5 8 
0.58 4.49 
4.66 
4.61 
0.61 4.72 
0.62 4.77 
9 
0.59 4.52 
4.55 0.58 4.48 
0.61 4.66 
W
as
h 
10
 10 
0.57 4.36 
4.45 
4.50 
0.58 4.49 
0.58 4.49 
11 
0.62 4.73 
4.54 0.58 4.46 
0.58 4.43 
W
as
h 
20
 12 
0.58 4.50 
4.64 
4.45 
0.60 4.63 
0.62 4.80 
13 
0.55 4.22 
4.26 0.56 4.33 
0.55 4.24 
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Table B4 
ASTM D8007-15: Standard Test Method for Wale and Course Count of Weft Knitted 
Fabrics, T-Shirts Made of Viscose from Bamboo  
Fiber Wash Interval Sample Wale Course 
Fabric 
Count Average STDEV 
V
isc
os
e 
fro
m
 B
am
bo
o 
In
iti
al
 
4 
Eval. 1 38 47 85 
1 1 
Eval. 2 38 49 87 
5 
Eval. 1 38 46 84 
84 0 
Eval. 2 38 46 84 
W
as
h 
20
 
12 
Eval. 1 40 49 89 
91 2 
Eval. 2 39 53 92 
13 
Eval. 1 40 52 92 
93 1 
Eval. 2 40 53 93 
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Table B5 
ASTM D8007-15: Standard Test Method for Wale and Course Count of Weft Knitted 
Fabrics, T-Shirts Made of Organic Cotton 
Fiber Wash Interval Sample Wale Course 
Fabric 
Count Average STDEV 
O
rg
an
ic
 C
ot
to
n 
In
iti
al
 
4 
Eval. 1 39 55 94 
94 1 
Eval. 2 39 54 93 
5 
Eval. 1 39 54 93 
92 1 
Eval. 2 39 52 91 
W
as
h 
20
 
12 
Eval. 1 40 55 95 
96 1 
Eval. 2 49 56 96 
13 
Eval. 1 39 52 91 
90 1 
Eval. 2 39 50 89 
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Table B6 
ASTM D8007-15: Standard Test Method for Wale and Course Count of Weft Knitted 
Fabrics, T-Shirts Made of Lyocell  
Fiber Wash Interval Sample Wale Course 
Fabric 
Count Average STDEV 
Ly
oc
el
l 
In
iti
al
 
4 
Eval. 1 27 44 71 
71 0 
Eval. 2 27 44 71 
5 
Eval. 1 27 45 72 
71 1 
Eval. 2 27 43 70 
W
as
h 
20
 
12 
Eval. 1 27 48 75 
75 0 
Eval. 2 27 48 75 
13 
Eval. 1 26 46 72 
72 1 
Eval. 2 25 46 71 
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Table B7 
AATCC Test Method 124-2014: Smoothness Appearance of Fabrics after Repeated 
Home Launderings, T-Shirts Made of Viscose from Bamboo   
Fiber Wash Interval Sample 
Rating 
1 
Rating 
2 Average 
Overall 
Average STDEV 
V
isc
os
e 
fro
m
 B
am
bo
o 
In
iti
al
 2 3.5 3.5 3.5 
3.5 0.00 
3 3.5 3.5 3.5 
W
as
h 
1 2 3.5 3.5 3.5 
3.5 0.00 
3 3.5 3.5 3.5 
W
as
h 
5 2 3 3.5 3.75 
3.25 0.00 
3 3 3.5 3.75 
W
as
h 
10
 2 3.5 3.5 3.5 
3.625 0.13 
3 4 3.5 3.75 
W
as
h 
20
 2 3.5 4 3.75 
3.625 0.13 
2 3.5 3.5 3.5 
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Table B8 
AATCC Test Method 124-2014: Smoothness Appearance of Fabrics after Repeated 
Home Launderings, T-Shirts Made of Organic Cotton   
Fiber Wash Interval Sample 
Rating 
1 
Rating 
2 Average 
Overall 
Average STDEV 
O
rg
an
ic
 C
ot
to
n 
In
iti
al
 2 5 5 5 
4.75 0.25 
3 5 4 4.5 
W
as
h 
1 2 4 4 4 
4 0.00 
3 4 4 4 
W
as
h 
5 2 3.5 4 3.75 
3.75 0.00 
3 3.5 4 3.75 
W
as
h 
10
 2 3 3 3 
3.25 0.25 
3 3.5 3.5 3.5 
W
as
h 
20
 2 3.5 3 3.25 
3.725 0.13 
2 3.5 3.5 3.5 
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Table B9 
AATCC Test Method 124-2014: Smoothness Appearance of Fabrics after Repeated 
Home Launderings, T-Shirts Made of Lyocell 
Fiber Wash Interval Sample 
Rating 
1 
Rating 
2 Average 
Overall 
Average STDEV 
Ly
oc
el
l 
In
iti
al
 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
1 2 5 5 5 
4.5 0.50 
3 4 4 4 
W
as
h 
5 2 4 4.5 4.25 
4.25 0.25 
3 4 4.5 4.25 
W
as
h 
10
 2 4 5 4.5 
4.25 0.00 
3 4 4 4 
W
as
h 
20
 2 4 4 4 
4.25 0.25 
3 5 4 4.5 
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Table B10 
Subjective Color Change, AATCC Evaluation Procedure 9-2011: Visual Assessment of 
Color Difference of Textiles, T-Shirts Made of Viscose from Bamboo 
Fiber Wash Interval Sample 
Rating 
1 
Rating 
2 Average 
Overall 
Average STDEV 
V
isc
os
e 
fro
m
 B
am
bo
o 
In
iti
al
 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
1 2 4 4 4 
4.375 0.38 
3 4.5 5 4.75 
W
as
h 
5 2 4 4.5 4.25 
4.25 0.00 
3 4 4.5 4.25 
W
as
h 
10
 2 4.5 4 4.25 
4.25 0.00 
3 4 4.5 4.25 
W
as
h 
20
 2 3 3.5 3.25 
3.625 0.38 
3 4 4 4 
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Table B11 
Subjective Color Change, AATCC Evaluation Procedure 9-2011: Visual Assessment of 
Color Difference of Textiles, T-Shirts Made of Organic Cotton 
Fiber Wash Interval Sample 
Rating 
1 
Rating 
2 Average 
Overall 
Average STDEV 
O
rg
an
ic
 C
ot
to
n 
In
iti
al
 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
1 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
5 2 4.5 4.5 4.5 
4.625 0.13 
3 5 4.5 4.75 
W
as
h 
10
 2 4.5 4.5 4.5 
4.5 0.00 
3 4.5 4.5 4.5 
W
as
h 
20
 2 4 4 4 
3.875 0.13 
3 3.5 4 3.75 
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Table B12 
Subjective Color Change, AATCC Evaluation Procedure 9-2011: Visual Assessment of 
Color Difference of Textiles, T-Shirts Made of Lyocell 
Fiber Wash Interval Sample 
Rating 
1 
Rating 
2 Average 
Overall 
Average STDEV 
Ly
oc
el
l 
In
iti
al
 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
1 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
5 2 3.5 3.5 3.5 
3.25 0.25 
3 3 3 3 
W
as
h 
10
 2 3 3.5 3.25 
3.25 0.00 
3 3 3.5 3.25 
W
as
h 
20
 2 2.5 3 2.75 
2.875 0.13 
3 3 3 3 
 
 
Table B13 
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AATCC Evaluation Procedure 7-2015: Instrumental Assessment of the Change in Color 
of a Test Specimen, T-Shirts Made of Viscose from Bamboo 
Fiber Wash Interval Sample L a b dE 
Avg. 
dE 
Avg.  
SD 
Overall 
Avg. dE 
Overall 
Avg. 
SD 
V
is
co
se
 fr
om
 B
am
bo
o 
In
iti
al
 2 15.16 1.76 -2.21 - 
- - 
0.68 0.06 
3 14.97 1.67 -2.1 - 
W
as
h 
1 
2 14.39 1.82 -1.95 0.82 
0.80 0.02 
3 14.24 1.67 -1.81 0.78 
W
as
h 
5 2 14.16 1.83 -2.25 1.00 
0.85 0.15 
3 14.28 1.75 -2.20 0.70 
W
as
h 
10
 2 14.52 1.65 -2.30 0.54 
0.59 0.06 
3 14.45 1.69 -2.25 0.52 
W
as
h 
20
 2 14.63 1.65 -2.30 0.54 
0.49 0.06 
3 14.56 1.59 -2.21 0.43 
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Table B14 
AATCC Evaluation Procedure 7-2015: Instrumental Assessment of the Change in Color 
of a Test Specimen, T-Shirts Made of Organic Cotton 
Fiber Wash Interval Sample L a b dE 
Avg. 
dE 
Avg. 
SD 
Overall 
Avg. dE 
Overall 
Avg. 
SD 
O
rg
an
ic
 C
ot
to
n 
In
iti
al
 
2 12.42 0.44 -0.92 - 
- - 
0.56 0.02 
3 12.51 0.49 -0.88 - 
W
as
h 
1 
2 11.96 0.37 -1.08 0.50 
0.47 0.04 
3 12.12 0.40 -1.03 0.43 
W
as
h 
5 
2 12.06 0.35 -1.37 0.59 
0.56 0.04 
3 12.27 0.41 -1.34 0.52 
W
as
h 
10
 2 12.24 0.32 -1.40 0.53 
0.53 0 
3 12.27 0.35 -1.32 0.53 
W
as
h 
20
 2 12.70 0.25 -1.53 0.70 
0.68 0.02 
3 12.69 0.27 -1.47 0.65 
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Table B15 
AATCC Evaluation Procedure 7-2015: Instrumental Assessment of the Change in Color 
of a Test Specimen, T-Shirts Made of Lyocell 
Fiber Wash Interval Sample L a b dE 
Avg. 
dE 
Avg.  
SD 
Overall 
Avg. 
dE 
Overall 
Ave. 
SD 
Ly
oc
el
l 
In
iti
al
 2 11.31 0.69 -0.03 - 
- - 
2.51 0.12 
3 11.4 0.73 -0.02 - 
W
as
h 
1 
2 11.86 0.62 -0.28 0.61 
0.72 0.11 
3 12.18 0.63 -0.25 0.82 
W
as
h 
5 
2 13.33 0.51 -0.62 2.12 
2.38 0.26 
3 13.95 0.51 -0.63 2.63 
W
as
h 
10
 2 14.43 0.41 -0.77 3.22 
3.22 0.01 
3 14.50 0.42 -0.80 3.21 
W
as
h 
20
 2 15.19 0.28 -0.94 4.01 
3.75 0.26 
3 14.76 0.33 -0.87 3.49 
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Table B16 
ASTM D512/D3512M - 16: Standard Test Method for Pilling and other Related Surface 
Changes of Textile Fabrics: Random Tumble Pilling Tester 1, T-Shirts Made of Viscose 
from Bamboo 
Fiber Wash Interval Sample 
Rating 
1 
Rating 
2 Average 
Overall 
Average STDEV 
V
isc
os
e 
fro
m
 B
am
bo
o 
In
iti
al
 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
1 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
5 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
10
 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
20
 2 5 5 5 
5 0.00 
3 5 5 5 
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Table B17 
ASTM D512/D3512M - 16: Standard Test Method for Pilling and other Related Surface 
Changes of Textile Fabrics: Random Tumble Pilling Tester 1, T-Shirts Made of Organic 
Cotton 
Fiber Wash Interval Sample 
Rating 
1 
Rating 
2 Average 
Overall 
Average STDEV 
O
rg
an
ic
 C
ot
to
n 
In
iti
al
 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
1 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
5 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
10
 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
20
 2 5 5 5 
5 0.00 
3 5 5 5 
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Table B18 
ASTM D512/D3512M - 16: Standard Test Method for Pilling and other Related Surface 
Changes of Textile Fabrics: Random Tumble Pilling Tester 1, T-Shirts Made of Lyocell 
Fiber Wash Interval Sample Rating 1 Rating 2 Average 
Overall 
Average STDEV 
Ly
oc
el
l 
In
iti
al
 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
1 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
5 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
10
 2 5 5 5 
5 0.00 
3 5 5 5 
W
as
h 
20
 2 5 5 5 
5 0.00 
3 5 5 5 
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Table B19 
AATCC Test Method 150-2012: Dimensional Changes of Garments After Home 
Laundering, T-Shirts Made of Viscose from Bamboo 
Fiber Sample Measurements & Shrinkage 
Location 
Overall 
by 
Wash 
Interval 
Overall 
by 
Fiber 
Front 
Length 
Chest 
Width 
Sleeve 
Opening 
Sleeve 
Length 
V
isc
os
e 
fro
m
 B
am
bo
o 
2 
Before Wash (in) 17 2/16 18 8 10/16 9 6/16 
4.48% 
5.02% 
Shrinkage 
After 
Wash 1 
(in) 
Individual 16 6/16 17 7/16 8 3/16 8 14/16 
% Change 4.38% 3.13% 5.07% 5.33% 
Shrinkage 
After 
Wash 5 
(in) 
Individual 1 1/16 9/16 12/16 5/16 
5.34% % Change 6.20% 3.13% 8.70% 3.33% 
Shrinkage 
After 
Wash 10 
(in) 
Individual 1 2/16 4/16 8/16 4/16 
4.11% % 
Change 6.57% 1.39% 5.80% 2.67% 
Shrinkage 
After 
Wash 20 
(in) 
Individual 1 2/16 5/16 1 1/16 6/16 
6.16% % Change 6.57% 1.74 % 12.32% 4.00% 
3 
Measurements & 
Shrinkage 
Location Overall 
by 
Wash 
Interval 
Overall 
by 
Fiber 
Front 
Length 
Chest 
Width 
Sleeve 
Opening 
Sleeve 
Length 
Before Wash (in) 17 12/16 18 8 9/16 9 12/16 
3.75% 
5.42% 
Shrinkage 
After 
Wash 1 
(in) 
Individual 15/16 4/16 7/16 5/16 
% Change 5.28% 1.39% 5.11% 3.21% 
Shrinkage 
After 
Wash 5 
(in) 
Individual 1 3/16 5/16 11/16 5/16 
4.92% % Change 6.69% 1.74% 8.03% 3.21% 
Shrinkage 
After 
Wash 10 
(in) 
Individual 1 9/16 4/16 8/16 10/16 
5.61% % 
Change 8.80% 1.39% 5.84% 6.41% 
Shrinkage 
After 
Wash 20 
(in) 
Individual 5/16 1 9/16 12/16 1 
7.39% % Change 8.80% 1.74% 8.76% 10.26% 
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Table B20 
AATCC Test Method 150-2012: Dimensional Changes of Garments After Home 
Laundering, T-Shirts made of Organic Cotton 
Fiber Sample Measurements & Shrinkage 
Location 
Overall 
by 
Wash 
Interval 
Overall 
by 
Fiber 
Front 
Length 
Chest 
Width 
Sleeve 
Opening 
Sleeve 
Length 
O
rg
an
ic
 C
ot
to
n 
2 
Before Wash (in) 17 1/16 18 6 8/16 7 6/16 
1.42% 
1.53% 
Shrinkage 
After 
Wash 1 
(in) 
Individual 5/16 1/16 1/16 3/16 
% 
Change 1.83% 0.35% 0.96% 2.54% 
Shrinkage 
After 
Wash 5 
(in) 
Individual 6/16 2/16 3/16 1/16 
1.66% % 
Change 2.10% 0.69% 2.88% 0.85% 
Shrinkage 
After 
Wash 10 
(in) 
Individual 8/16 5/16 1/16 2/16 
1.83% % 
Change 2.93% 1.74% 0.96% 1.69% 
Shrinkage 
After 
Wash 20 
(in) 
Individual -9/16 14/16 6/16 -3/16 
1.20% % 
Change -3.30% 4.86 % 5.77% -2.54% 
3 
Measurements & 
Shrinkage 
Location Overall 
by 
Wash 
Interval 
Overall 
by 
Fiber  
Front 
Length 
Chest 
Width 
Sleeve 
Opening 
Sleeve 
Length 
Before Wash (in) 18 2/16 18 6 5/16 7 11/16 
2.54% 
3.04% 
Shrinkage 
After 
Wash 1 
(in) 
Individual 6/16 3/16 3/16 5/16 
% 
Change 2.07% 1.04% 2.97% 4.07% 
Shrinkage 
After 
Wash 5 
(in) 
Individual 7/16 7/16 3/16 5/16 
2.97% % 
Change 2.41% 2.43% 2.97% 4.07% 
Shrinkage 
After 
Wash 10 
(in) 
Individual 9/16 7/16 4/16 6/16 
3.59% % 
Change 3.10% 2.43% 3.96% 4.88% 
Shrinkage 
After 
Wash 20 
(in) 
Individual 8/16 14/16 3/16 2/16 
3.05% % 
Change 2.76% 4.86% 2.97% 1.63% 
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Table B21 
AATCC Test Method 150-2012: Dimensional Changes of Garments After Home 
Laundering, T-Shirts made of Lyocell 
Fiber Sample Measurements & Shrinkage 
Location Overall 
by 
Wash 
Interval 
Overall 
by 
Fiber 
Front 
Length 
Chest 
Width 
Sleeve 
Opening 
Sleeve 
Length 
Ly
oc
el
l 
2 
Before Wash (in) 15 14/16 16 6 10/16 6 11/16 
3.80% 
3.58% 
Shrinkage 
After 
Wash 1 
(in) 
Individual 1 4/16 -3/16 0 9/16 
% Change 7.87% -1.10% 0% 8.14% 
Shrinkage 
After 
Wash 5 
(in) 
Individual 1 12/16 -1 10/16 1/16 11/16 
3.17% % Change 11.02% -9.56% 0.94% 10.28% 
Shrinkage 
After 
Wash 10 
(in) 
Individual  1 10/16 -1 3/16 10/16 
4.13% % Change 10.24% -5.88% 2.83% 9.35% 
Shrinkage 
After 
Wash 20 
(in) 
Individual 1 12/16 -1 7/16 0 11/16 
3.21% % Change 11.02% -8.46% 0.00% 10.28% 
3 
Measurements & 
Shrinkage 
Location Overall 
by 
Wash 
Interval 
Overall 
by 
Fiber Front 
Length 
Chest 
Width 
Sleeve 
Opening 
Sleeve 
Length 
Before Wash (in) 15 9/16 16 6 14/16 6 8/16 
3.24% 
3.37% 
Shrinkage 
After 
Wash 1 
(in) 
Individual 1 4/16 -5/16 -3/16 10/16 
% Change 8.03% -1.95% -2.73% 9.62% 
Shrinkage 
After 
Wash 5 
(in) 
Individual 1 4/16 -15/16 -2/16 8/16 
2.01% % Change 8.03% -5.86% -1.82% 7.69% 
Shrinkage 
After 
Wash 10 
(in) 
Individual 1 7/16 -12/16 -3/16 15/15 
4.06% % 
Change 9.24% -4.69% -2.73% 14.42% 
Shrinkage 
After 
Wash 20 
(in) 
Individual 1 11/16 -1  11/16 1/16 1 
4.15% % Change 10.84% -10.55% 0.91% 15.38% 
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